Intra-host evolution of human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) has been shown by viral RNA analysis in subjects who naturally suppress plasma viremia to low levels, known as controllers. However, little is known about the variability of proviral DNA and the inter-relationships among contained systemic viremia, rate of reservoir reseeding and specific major histocompatibility complex (MHC) genotypes, in controllers. Here, we analysed the proviral DNA quasispecies of the env V1-V2 region, in PBMCs and in anatomical compartments of 13 long-term controller monkeys after 3.2 years of infection with simian/human immunodeficiency virus (SHIV) SF162P4cy . A considerable variation in the genetic diversity of proviral quasispecies was present among animals. Seven monkeys exhibited env V1-V2 proviral populations composed of both clusters of identical ancestral sequences and new variants, whereas the other six monkeys displayed relatively high env V1-V2 genetic diversity with a large proportion of diverse novel sequences. Our results demonstrate that in SHIV SF162P4cy -infected monkeys there exists a disparate pattern of intra-host viral diversity and that reseeding of the proviral reservoir occurs in some animals. Moreover, even though no particular association has been observed between MHC haplotypes and the long-term control of infection, a remarkably similar pattern of intra-host viral diversity and divergence was found within animals carrying the M3 haplotype. This suggests that in animals bearing the same MHC haplotype and infected with the same virus, viral diversity follows a similar pattern with similar outcomes and control of infection.
INTRODUCTION
Simian/human immunodeficiency virus (SHIV) infection in nonhuman primates (NHPs) has proven invaluable in providing insights into human immunodeficiency virus-1 (HIV-1) pathogenesis and for intervention studies [1] . Preclinical studies on different monkey species have indicated that a differential susceptibility to primate lentivirusinduced diseases could be related to the genetic diversity of the animals [2] [3] [4] [5] [6] . SHIV SF162 is a C-C chemokine receptor type 5 (CCR5)-tropic virus capable of establishing persistent infection and causing simian acquired immune deficiency syndrome (AIDS) with a varying disease progression that is characteristic of HIV disease in humans [2, 7] . Rhesus macaques can be readily infected with SHIV SF162 viral isolates, while cynomolgus macaques are more resistant to infection, consistent with the evidence of host factors that affect species-level differences in infection susceptibility and disease progression [8] . In cynomolgus monkeys, the acute phase of infection is followed by a prolonged asymptomatic phase, in which monkeys can efficiently control viral replication, maintaining it at very low levels during chronic infection in the absence of treatment, similar to HIV-infected humans who control infection and become long-term nonprogressors (LTNPs).
Despite control of viremia, human HIV controllers present ongoing evolution and divergence of viral RNA sequences, although at a significantly lower rate than that observed for typical progressors [9] . In contrast, the DNA proviral population is highly homogenous, mostly composed of ancestral sequences, suggesting that in these individuals ongoing replication does not permit the significant reseeding of the latent reservoir [10] . However, given the ability of HIV and SIV to establish a stable latent viral reservoir in anatomic sites early in infection, viral replication might persist in tissues; this is the case where immune responses developed by controllers fail to eradicate HIV/SIV infections [11] . Recent data suggest that latent reservoirs may be established before virus can be detected in the peripheral blood, making it difficult to treat HIV-1 early enough to avoid reservoir seeding. Latently infected cells remain undetectable by the immune system and can persist for years without losing their ability to produce infectious virus [10, 12] . There are conflicting data on whether new virus variants emerge in distinct anatomic sites by restriction of viral gene flow, with consequent viral evolution and divergence from virus present in the blood, or they disseminate to other anatomic sites through ongoing replication [13] . Thus, virus genetic variations across the body might provide insights to understand the potential correlation between suppression of viral replication and rate of reservoir reseeding in controllers.
Control of systemic viral suppression levels has been correlated with particular MHC class I alleles, such as human leukocyte antigen (HLA)-B27, B57 in humans, or Macaca mulatta (Mamu)-B17 and Mamu-B08 in macaques, although specific genotypes are only associated with, and not predictive of viral control [14] [15] [16] . The role of monkey models has been crucial for the elucidation of the mechanisms that underlie control of virus replication because the viral strain, host genotype as well as timing and route of infection can be controlled [17] [18] [19] [20] [21] [22] . Furthermore, animal models enable extensive tissue collection at necropsy, facilitating studies of viral reservoirs and evaluation of virus variability [23] [24] [25] [26] .
In our previous work, we showed the effects of MHC haplotypes on early and late SHIV SF162P4cy infection in Mauritian cynomolgus macaques (MCM), highlighting the importance of considering host-related genetic background and immunological factors in the evaluation of vaccine efficacy in the different monkey species [20, 21] .
Here, we describe the proviral DNA quasispecies diversity and phylogenetic relationships among proviral variants at the env V1-V2 region, in the peripheral blood and in lymphoid, gastrointestinal (GI) and genital anatomical compartments, of 13 long-term controller SHIV SF162P4cy -infected MCM with defined MHC haplotypes. The pattern of changes of SHIV SF162P4cy DNA populations in the setting of long-term undetectable viremia over 170 weeks and the association with putative restrictive MHC alleles were also investigated.
RESULTS
A cohort of 13 monkeys experimentally infected with SHIV SF162P4cy was followed for 3.2 years.
LNTPs were defined as monkeys surviving SHIV SF162P4cy infection more than 2 years post infection (p.i.) and having plasma viral RNA copies below the detection limit (<50 copies ml À1 ). In this cohort, all animals had stable CD4+ T and CD8+ T cell numbers; from week 46 they remained plasma RNA-negative throughout the period of observation of 170 weeks (data not shown), and no animal had signs of disease development.
Antibody response kinetics showed that all animals mounted robust anti-Env binding antibody (bAb) responses with peak titres ranging between 1 : 800 and 1 : 25600, which declined by week 170 p.i. in 9 of 13 animals. The remaining four monkeys maintained detectable anti-Env bAb throughout this period of time. Similarly, at 170 weeks p.i., neutralizing Ab (nAb) titres diminished or became undetectable in all but three animals, which had persistent homologous nAbs.
For detection and quantification of viral DNA in the lymphoid, GI and genital anatomic locations of viral-suppressed animals at 170 weeks p.i., quantitative PCR assays targeting the gag gene were performed.
As shown in Table 1 , low levels of proviral DNA were detected in PBMC (<1 to 11 copies µg -1 ) whereas in tissues, the virus was most prominent in the GI jejunum/ileum tract (2 to 152 copies µg -1 ). Lower levels of viral DNA were detected in lymphoid tissues such as axillary lymph nodes, inguinal lymph nodes, spleen (2 to 112 copies µg -1 ) and genital tissues including epididymis, testis, prostate, penis, rectum (2 to 48 copies µg -1 ), with epididymis (P=0.0191) and testis (P=0.0302) displaying higher levels of viral DNA compared to prostate (Fig. 1a) . The low level of viral DNA measured in the tissues may be due, at least in part, to a relatively low frequency of target cells (CD4+ T; macrophages) in the tissue specimens [23, 25] . Interestingly, statistical analysis demonstrated a positive (relatively weak) correlation between genital viral DNA levels at necropsy and both acute phase plasma viremia (P=0.0485), (Fig. 1b) , and the area under the curve (AUC) of the RNA levels over 170 weeks p.i., a parameter reflecting cumulative plasma virus production (P=0.0492) (Fig. 1c) .
Analyses of env V1-V2 sequence diversity in SHIV SF162P4cy controllers For each animal, the mean Env diversity from the parental clone was calculated by pairwise comparisons and represents the average viral changes emerging after infection.
According to the degree of diversity of env V1-V2 variants identified, we clustered animals into four different groups, revealing that both diversity and complexity of virus quasispecies varied extensively among animals ( Table 2) . In group 1, the pattern observed in monkeys AU676, AQ271, AQ882, AG172, AS377, AK484 and AU427 was characterized by low genetic diversity as compared to the challenge virus. The mean genetic distances between SHIV SF162P4cy and PBMC at week 2 or week 170 p.i. ranged from 0.004 to 0.017 and from 0.001 to 0.061, respectively, whereas the overall mean pairwise distances from the inoculum, among tissue compartments, ranged from 0 to 0.075, with the exception of animal AS377, which exhibited higher genetic distances (0-0.295). This result indicated that in periphery and in the tissue compartments, the V1-V2 variants were composed mainly of ancestral sequences and some novel variants, which were widely disseminated during acute phase.
Group 2 monkeys (AS167, AH694 and AG981) displayed high levels of V1-V2 viral diversity (range, 0.006-0.310) with PBMC variants isolated at week 2 p.i. exhibiting a genetic distance ranging from 0.298 to 0.310. In contrast at 170 weeks p.i., quasispecies were more similar to those of the challenge virus, with a genetic distance ranging from 0.006 to 0.054. Despite the long-term follow up, quasispecies in the tissue compartments were similar to those of PBMC sampled at week 2 p.i. (genetic distance ranging from 0.006 to 0.041) but divergent from those of the challenge virus (range, 0.292-0.323). This finding indicated that V1-V2 variants present across tissues at necropsy were probably established during acute phase by spreading of viral variants arising early in infection.
Group 3 comprised two animals, AH960 and AK952. Here, V1-V2 quasispecies in the tissue compartments showed low diversity compared to those of week 2 PBMC and SHIV SF162P4cy , (range 0.002-0.011), suggesting that they were derived from infected cell populations that had spread across tissues early in infection. In contrast, the high genetic diversity of week 170 PBMC variants (range, 0.187-0.414) indicated, most likely, a blood re-seeding from anatomic compartments, which were not investigated in this study.
Finally, group 4 comprised a single monkey, AP511, and was characterized by high diversity of week 2 PBMC variants as compared to SHIV SF162P4cy (0.29), whereas at 170 weeks, the V1-V2 proviral populations in both PBMC (0.077) and tissue (0.01) were quite homogeneous.
Overall these data show that a high viral diversity existed among infected animals. Moreover, virus challenge dose had no impact on the viral diversity at early and late time points of infection, since monkeys infected with low (1.79MID 50 ) or high (179MID 50 ) infectious doses showed comparable env V1-V2 diversity (0.03), which is supportive of our previous results [20, 21] .
Phylogenetic analysis of env V1-V2 proviral quasispecies in SHIV SF162P4cy controllers The phylogenetic relationship between env V1-V2 proviral quasispecies in the tissue compartments and those in the PBMC sampled at week 2 or 170 p.i. was assessed. A neighbour-joining (NJ) phylogenetic tree was generated initially to investigate the clustering of sequences within and between anatomic sites and PBMC. The potential genetic segregation of V1-V2 quasispecies between PBMC and anatomical compartments was confirmed by applying the Slatkin-Maddison test; this analysis can estimate and statistically measure the viral in/out gene flow between compartments.
Phylogenetic analysis identified three clades (A, B and C). Most of the V1-V2 sequences clustered into clade B and were closely related both to the SHIV SF162P4cy inoculum and to the reference sequence (accession number JN205735) (Figs 2 and S1-S3, available in the online version of this article). Specifically, 10 out of 13 macaque quasispecies located on clade B were intermixed, suggesting that in each monkey there has been an exchange of variants between periphery and tissue compartments, with the exception of week 170 PBMC variants of some animals that clustered on distinct branches, namely on clade C or externally to the clades.
This result was supported by the Slatkin-Maddison test that determined in each monkey statistically significant gene flows from week 170 PBMC variants to genital (range 20 %), gastrointestinal (range 50 %) and lymphoid tissues (range 50 %), and indicated a lack of anatomical compartmentalization. Interestingly, within the B clade five, statistically significant partially segregated sub-clusters, from 4 to 8, were identified indicating weak compartmentalization of quasispecies sustained by gene flow analysis.
In contrast, clade A included most of the V1-V2 sequences from macaques AS167, AH694, AG981 and week 2 PBMC variants of monkey AP511 (clade A, 100 % bootstrap value). In animals AS167, AH694 and AG981, tissue quasispecies genetically distant from the virus inoculum, clustered together with week 2 PBMC variants. This suggested that the population of quasispecies present in the acute phase persisted in the tissues over 170 weeks of infection, as clearly shown by sub-cluster 3 present in week 2 PBMC and tissue variants of monkey AG981. In contrast, in the same animals, PBMC variants present at weeks 170 p.i. were located on clade B and mostly related to the virus inoculum. This result pointed at a compartmentalization between blood and tissue at 170 weeks p.i., and a possible reseeding of the PBMC variants by reservoir from other anatomical sources. The Slatkin-Maddison analysis confirmed the absence of gene flow from/to PBMC and anatomical compartments at 170 weeks p.i.
Finally, clade C included V1-V2 variants derived from monkey AK484 epididymis and from week 170 PBMC of monkey AH960 and AK952. In monkey AH960, we observed statistically supported phylogenetic evidence of compartmentalization of PBMC and tissue quasispecies at week 170 p.i.
Analysis of single-site mutations
Analysis of the sequence alignment of all monkey quasispecies of SHIV SF162P4cy , performed by Highlighter analysis, identified mutations shared across the animal variants (identical sequences were not included in the analysis) (Fig.  S4 ). The majority of virus variants carried substitutions at eight codons: four at the amino acids K134, N135, A136, D148; two at the potential PNG sites K140, K158 in V1 region and two at amino acids R164 and K190 in the V2 region (Table S1 ). These variations appeared late in infection and simultaneously in blood cells and tissues, except for R164K/G changes that were found in both anatomical compartments either at weeks 2 and 170 p.i., suggesting a substantial amount of viral variant migrations, as already described.
Six out of eight substitutions detected in the env V1-V2 region of the viral variants have been previously reported by Balfe et al., [27] in the SHIV SF162P3 isolate that they termed the signature of the P3 variant. This signature made the V1-V2 regions of the long-term infected monkeys more like V1-V2 regions of SHIV SF162P3 than those of the inoculum virus SHIV SF162P4cy or SHIV SF162P4 . This tendency was common to all macaques, suggesting that the same selection pressure drove the changes. As both SHIV SF162P4cy and SHIV SF162P4 viruses were obtained from in vivo passage of SHIV SF162P3, it is also possible but speculative that, in the absence of selective pressure upon transmission of SHIV SF162P4cy to a new host, the mutations were lost and reverted to SHIV SF162P3 thereby conferring a fitness advantage to the virus during long-term infection. Overall, even if viral populations diverged to different levels in different animals, reversion by de novo mutation after passage to MHCdisparate hosts can occur, likely due to the absence of CTL response against specific epitopes. Increase of predicted glycans in monkeys with divergent env V1-V2 regions To evaluate the glycosylation pattern of the viral variants in animal tissues and PBMC of controller monkeys, we sought differences in the number of potential N-linked glycosylation (PNLG) sites of env V1-V2 regions using the N-GlycoSite tool (reference strain, accession number JN205735) [28] . There was no difference in the lengths of V1-V2 sequences (P=0.30) and only a moderate variation in the total number of PNLG among compartments as compared to the virus inoculum; however there were no significant trends overall. By contrast, there was a difference in total PNLG changes, when the sequences were grouped according to clade A (7 macaques/134 sequences), clade B (Fig. 3b) , whereas in clade C sequences showed both loss and acquisition of new PNLG sites as compared to both clade A (P=0.0012; P=0.0001) and B (P=0.0004; P=0.0001), respectively (Fig. 3a, b) . In particular a Lys-to-Asn change at position 158 (K158N) in V2 region (clade A and C), encoding a novel glycosylation site involved in the neutralizing antibody responses, was absent in blood cells early in infection but appeared at week 170 p.i. in both blood and tissue compartments (P=0.0475) (Fig. 3c) .
Effects of MHC haplotype on viral diversity
In humans, HLA genotypes HLA-B57 and HLA-B27 are associated with slow HIV disease progression [29] . Likewise alleles Mamu-A01, Mamu-B08, Mamu-B17 in rhesus macaques, or haplotypes M3 and M6 in cynomolgus monkeys, are associated with superior control of SIV or SHIV infection [15, [17] [18] [19] [20] [21] [22] . To evaluate the influence of MHC haplotype on the outcome of long-term infection, animals were arranged into four groups, each containing three animals heterozygous for M1 (AH694, AQ271, AU427), M3 (AS167, AK484, AG981), M4 (AH960, AK952, AU427) or M7 (AU676, AQ882, AP511) haplotype (Table S2 ). For statistical analysis, monkey AU427 with M1/M4 haplotype was included in both M1 and M4 groups, whereas recombinant haplotypes (monkey AG172) and the only M5 haplotype (monkey AS377) were excluded.
No statistically significant haplotype advantage was observed in terms of provirus copy numbers, CD4 T-cell counts and anti-Env Ab response on long-term control of viral infection, likely due to the small number of animals (data not shown).
In contrast, sequence diversity differed significantly between either MHC haplotype or within the same group. As shown in Table 3 , the mean genetic distances among variants with SHIV SF162P4cy inoculum ranged from 0.023 in M7 to 0.183 in M3 haplotype, and within variants of the same group It was of interest to analyse whether the total number of PNLG sites in variants of different haplotypes increased over time and/or was related to env V1-V2 diversity. Based on diversity levels of V1-V2 regions, analysis of M3-and M4-animal sequences revealed a gain of PNLG sites. In particular, statistical analysis showed that M4 haplotype variants from week 170 PBMC had an increase of PNLG sites as compared to M1 (P=0.0018), M3 (P=0.0002), M7 (P=0.0004) (Fig. 3d) . These data suggest that haplotypedependent mechanisms may be involved in the generation of major V1-V2 viral variants during chronic infection.
DISCUSSION
In HIV controllers the proviral population is extremely homogeneous with no divergence over time and the majority of PBMC-associated proviral sequences represent ancestral variants without sequence replenishment from viruses in plasma [13, 30, 31] . Recently it has been demonstrated that PBMC proviral reservoir reseeding in HIV controllers can be possible from sanctuary tissue sites [13] . However, studies are needed to determine whether HIV-1 is broadly distributed or compartmentalized across tissues. Obtaining human samples for testing is difficult, however the macaque model of infection facilitates extensive tissue collection and detailed analyses of viral populations in blood and tissues.
In this study of long-term controller monkeys, we generated phylogenetic evidence for high proviral genetic diversity at the env V1-V2 regions in PBMC and lymphoid, gastrointestinal and genital compartments over a period of approximately 3 years. Two distinct patterns of intra-host viral diversity were observed. Seven animals (AU676, AQ271, AQ882, AG172, AS377, AK484 and AU427) displayed homogeneous proviral populations (<1 % diversity) mainly composed of large clusters of identical sequences. In contrast, the other six animals (AS167, AH694 AG981, AH960, AK952, AP511) showed greater diversity in their quasispecies (>3 %), comprising both clusters of identical and unique sequences, similar to long-term controllers with detectable plasma viremia [13, 30] ; these were difficult to directly correlate in animals with viral suppression. However, a examination of the quasispecies diversity revealed a more complex picture. As described in Results, four different groups, according to the diversity levels of env V1-V2 variants, were identified. PBMC and tissue-associated V1-V2 sequences in group 1 animals showed no or minimal divergence over time, with the possibility that ancestral variants persisted for more than 3 years of infection, potentially resulting from clonal expansion of CD4+ T lymphocytes as the substantial reservoir. In contrast, a different scenario appeared within group 2 macaques. In these animals, the levels of env V1-V2 diversity detected in PBMC at week 2 p.i. and in tissues compartments, were much higher than those estimated for proviral PBMC at week 170 p.i. This result is consistent with an infection of blood cells during acute phase with variants highly divergent from challenge virus, followed by wide dissemination and compartmentalization in anatomical sites. Conversely, the low genetic divergence of week 170 PBMC variants, can be explained by a re-seeding of the PBMC proviral reservoir from compartments, for example B cell follicles or brain, that were not investigated in this study. In sharp contrast, in group 3 monkeys, env V1-V2 proviral populations in tissues at necropsy were genetically distant from those in PBMC at the same time point, suggesting the existence of ongoing viral replication in other anatomical compartments as previously described [32] .
Examination of sequence polymorphisms highlighted that within individual hosts over time and in relation to the virus inoculum, several common changes led to an ancestral sequence, in this case SHIV SF162P3 , suggesting that the virus recovers ancestral features upon transmission to the new host. Some changes arose faster than others, with the most rapid mutations arising within structurally conserved residues, such as that at codon 164 that lies within the V2 loop, and which is known to harbour neutralizing antibody epitopes. Another change leading to a glycan insertion was found at codon 158 of virus in several animals, suggesting that probably the same selection pressure was driving this mutation. Neutralization escape of HIV/SIV has been previously associated with a high number of glycosylation sites and deletions in the external regions of the Env protein [33] . Since N158 has been described in a rhesus macaque as an escape mutant from autologous immune recognition at week 6 p.i. [27] , it is suggested that in the monkeys investigated the same driving force has induced the N158 mutation in the early stage of infection, maintaining the phenotype both in blood and tissues over 170 weeks, as proviral DNA has an extremely long half-life and can persist for years. Quasispecies represent a compromise between evasion from the host immune response and lower ability of replication, thus recovery of an ancestral state may reflect restoration of virus fitness that was lost as a result of immunological escape in the previous host and important for viral replication. In this setting, in long-term controller monkeys infected with the same virus stock, the divergent patterns of genetic diversity of env V1-V2 proviral populations may be due to different control mechanisms of viral replication or to more effective SHIV SF162P4cy -specific immune responses. Usually escape mutations lead to lower replicative viral fitness and, in the absence of immune pressure, an escape mutant virus 'reverts' to the wild-type phenotype, for example after transmission to MHC I mismatched new hosts [34] [35] [36] . Depending on the timing of wild-type virus emergence, it has a higher or lower probability of survival. If it arises early and expands sufficiently during the period of high target cell availability, then it will not be lost during the contraction phase of virus infection [34] . However, the presence of these mutations was not associated with neither an increase in viral load nor disease progression. The selective advantage of these mutations may represent a virus better adapted to the host and, in turn, less pathogenic to cynomolgus monkeys. This is the case for the nonpathogenic molecular clone SHIV SF162Pc , which contains mutations associated with the SHIV SF162P3 env 120gp that have been described in earlier work [37] . In fact, it appears that in cynomolgus monkeys the long-term persistent infection with SIV or SHIV relies on host responses, with immune pressure-driven sequence changes leading to the emergence of less pathogenic viruses [37] . In this, the effect of protective MHC genotypes is widely considered a major determinant of viral control and has been shown to significantly influence the outcome of HIV/SIV infection in their respective hosts [38] [39] [40] .
Data presented from MHC heterozygous M3 macaques indicated that env V1-V2 proviral DNA during the early and the long-term phase of infection harboured similar sequences, showing the same high levels of viral diversity and a signature in tissues. Since the M1 and M3 haplotypes share MHC class I A alleles, it is possible that in M1/M3 animals the different and more numerous MHC class I B alleles encoded on each haplotype drive virus diversity. In these macaques as the virus diversified, convergent changes occurred in specific residues within V1-V2 region from independent animals, such as that at the predicted glycosylation site at position 158. We did not observe any particular MHC haplotypes associated with the long-term control of infection, however, we determined a remarkably similar pattern of intra-host viral diversity within heterozygous M3 haplotype. This has also been described by others in M3 haplotype animals [40] that identified M3-restricted CD8+ T cell epitopes selecting for high-frequency mutation in chronic infection [18, 39, 40] . This suggested that in heterozygous animals bearing the same MHC haplotype and infected with the same virus, viral diversity could follow a similar pattern in animals with similar outcome. Our results reveal that in a setting of natural suppression of viral replication, controllers do not form a homogeneous group, because of high genetic variation in the proviral compartment. ). Macaques used in this study were part of different experimental protocols as naıve or control animals [20, 21] . Animals were inoculated intrarectally with the same SHIV SF162P4cy virus stock as previously described [20] .
METHODS

Animals and infections
Sample collection, plasma viral load and proviral DNA measurement Blood was collected throughout the infection and at the time of euthanasia. Tissue was collected, cut into fragments and stored at À80 C. DNA was extracted from five distinct fragments of each tissue using DNeasy Blood and Tissue Kit (QIAGEN, Italy). To avoid sample cross-contamination, nucleic acid extractions were performed using cleaning precautions and separate storage of templates and reagents. Plasma viremia was detected as previously described by using a 'one step' quantitative reverse transcriptase (RT)-PCR (TaqMan) assay with a threshold limit for detection of 50 RNA eq ml À1 [20] . To determine proviral load, DNA was extracted from 400 µl of whole citrated blood by using the QIamp DNA Blood Mini Kit (QIAGEN, Italy). Tissues from axillary and inguinal lymph nodes, spleen, jejunum, ileum, epididymis, testis, prostate, penis and rectum were processed and total DNA was extracted from five different fragments of tissue using the DNeasy Blood and Tissue Kit according to the manufacturer's instructions. Proviral DNA copies were quantitated using the TaqMan real-time PCR with a threshold limit of detection of 1 copy g À1 DNA. SIVmac251 plasmids were used as standards to calculate SIV DNA copy numbers. Probe and primers specifically amplifying a region of 71 bp within the gag sequence of SIVmac251 (GI:334657) were designed and thermal cycling conditions were used as previously described [20, 21] . Samples were analysed in duplicate and positive and negative controls were used to rule out sample contamination.
PCR AND SEQUENCING
Viral DNA levels in tissues of some animals were extremely low. To ensure that the V1-V2 env regions were representative of the virus populations present in each compartment, all specimens were subjected to DNA limiting dilution (<1 template copy per reaction) and endpoint concentrations of template DNA measured such that nested PCR resulted in <50 % of positive reactions [41] .
The first round of PCR was performed in 25 µl of (High Fidelity DNA polymerase PCR master mix Invitrogen). C for 10 m. A 5 µl aliquot of first-round PCR product was used in the second round in 25 µl of PCR master mix for 40 cycles. Thirty two env sequences were derived from the challenge virus stock and directly sequenced. Chromatograms with dual or ambiguous peaks were excluded from the analysis. The mean genetic distance within the V1-V2 env regions of the challenge virus was 0.002 %, which is consistent with the env diversity estimated for SHIV SF162 [42, 43] .
Microsatellite analysis and allele-specific PCR MHC class IA and IB and class II haplotypes were determined by microsatellite PCR with resolution of recombinant class IB haplotypes by allele-specific PCR as previously described [17] .
Neutralization assay, anti-Env binding antibodies and flow cytometry Plasma nAbs were assessed using a viral infectivity assay based on TZM-bl cells infected with the SHIV SF162P4cy [20, 21] . Percent neutralization was calculated relative to the negative control infection, containing pre-challenge plasma of the same monkey. Neutralizing Ab titres were estimated as the reciprocal plasma dilution resulting in 50 % inhibition of infection (ID50).
Enzyme-linked immunosorbent assay (ELISA) plates were coated with an oligomeric, SF162 strain-derived Env protein and the assay performed as previously reported [20, 21] . Env-specific IgG bAb titres were calculated as the reciprocal plasma dilution giving optical density (OD) readings three standard deviations (SD) above negative control, normal MCM plasma samples [20, 21] .
PBMC were stained with anti-CD4 and anti-CD8 mAb (Becton-Dickinson, USA), and analysed with a FACScan cytometer as described previously [20, 21] .
Phylogenetic analysis V1-V2 env sequences collected from 13 monkeys and the SHIV SF162P4cy inoculum were used for phylogenetic analysis. SHIV(sf162p4) GenBank: JN205735 was used as reference genome. Multiple sequence alignments were obtained with Bioedit v 7. [44] followed by manual editing. The NJ phylogenetic tree was generated with the LogDet model, calculations were performed with PAUP* software version 4.0, according to Swofford and Sullivan (Swofford and Sullivan)- [45] . Statistical support for specific clades was obtained by bootstrapping values (1000 replicates) and bootstrap values>75 % were considered statistically supported.
The software MEGA 6 [46] allowed the calculation of the genetic distances from the parental clone and between the different tissue compartments, by using the LogDet model. The evaluation of the mutational pattern of the sequences with respect to the sequence of the inoculum SHIV SF162P4cy was performed on the alignment obtained with Bioedit. The evaluation of the N-linked glycosylation sites' variation was performed by using the server N-GlycoSite under the HIV sequence database by using the obtained alignment [28] .
Migration analysis was conducted with the Mac Clade v. 4 program to test the viral in/out gene flows among the distinct compartments (tissues) using a modified version of the Slatkin and Maddison test as already described [47] . Specifically, gene flow analysis was performed classifying the V1-V2 env sequences into different groups, based on the specific compartments from which the sequences were sampled. A onecharacter data matrix was obtained by assigning to each taxon in the tree a one-letter code indicating its group of origin. The putative origin of each ancestral sequence (i.e. internal node) in the tree was inferred by finding the most parsimonious reconstruction of the ancestral character. The final tree-length, i.e. the number of observed migrations in the genealogy, was compared to the tree-length distribution of 10 000 trees, after random joining-splitting.
The numbers of PNLGs in the V1-V2 sequence were determined by using the tool at https://www.hiv.lanl.gov/content/sequence/GLYCOSITE/glycosite.html.
Statistical methods
Statistical tests were performed using Graph Pad Prism software. The nonparametric Mann-Whitney test was used to determine P-values when comparing two groups that were not normally distributed. After controlling for normal distribution, groups of animals were segregated on the basis of MHC haplotypes and mean viral load, proviral DNA and CD4+ T cell count were compared between groups by twoway ANOVA using Tukey's multiple comparison test. To determine the relationship among virological, immunological and MHC haplotypes during infection, the analysis of variance, in which all haplotypes were adjusted for each other in a multivariate model, was applied. All statistical tests were carried out at a two-sided 5 % significance level.
Funding information
This work was supported by grants from Gilead Science (41504D1018) and in part by the NIHR Centre for Research in Health Protection at the Health Protection Agency (UK; now Public Health England).
